The A 2&`and X 2% electronic states of the SiP species have been investigated theoretically at a very high level of correlation treatment (CASSCF/MRSDCI). Very accurate potential energy curves are presented for both states, as well as the associated spectroscopic constants as derived from the vib-rotational energy levels determined by means of the numerical solution of the radial Schro dinger equation. Electronic transition moment function, oscillator strengths, Einstein coefficients for spontaneous emission, and Franck-Condon factors for the A 2&`ÈX 2% system have been calculated. Dipole moment functions and radiative lifetimes for both states have also been determined. Spin-orbit coupling constants are also reported. The radiative lifetimes for the A 2&`state, taking into account the spin-orbit diagonal correction to the X 2% state, decrease from a value of 138 ms at v@ \ 0 to 0.48 ms at v@ \ 8, and, for the X 2% state, from 2.32 s at v@@ \ 1 to 0.59 s at v@@ \ 5. Vibrational and rotational transitions are expected to be relatively strong.
INTRODUCTION
Molecules containing phosphorous and silicon are expected to be present in detectable quantities in the interstellar/circumstellar gas, since these are cosmically reasonably abundant species (P/H \ 3 ] 10~7, Si/H \ 3 ] 10~5). However, astronomical searches in the interstellar medium for PO have been unfruitful (Matthews, Feldman, & Bernath 1987) , in disagreement with the ionmolecule reactions models (Thorne et al. 1984) , which predicted that this species would be the most abundant interstellar P compound. Also, the molecular species PH 3 (Hollis et al. 1980) , HCP (Hollis et al. 1981 ; Turner et al. 1990) , PS (Ohishi et al. 1988) , CP (Saito et al. 1989) , and HPO ) have been searched for unsuccessfully in the interstellar medium. Fortunately, Turner & Bally (1987) and Ziurys (1987) detected PN, the Ðrst Pbearing molecule in relatively warm molecular clouds, but not in cold clouds such as Taurus molecular cloud 1 (TMC-1 ; Turner et al. 1990 ). The observed abundance of the PN molecule is 103È104 times higher than that predicted from the Thorne et al. (1984) scenario. In order to explain the observed results, the chemistry of phosphorous in dense molecular clouds has been discussed by Millar, Bennett, & Herbst (1987) , Turner & Bally (1987) , Millar (1991) , and Charnley & Millar (1994) . These studies showed that PN might be formed in space (by a combination of grain disruption and/or gas phase reactions), with the P atom being the most abundant species.
More recently, toward the expanding envelope of the late-type carbon star IRC] 10216, et al. (1990) have Gue lin detected the CP free radical. According to these authors, HCP is photodissociated to CP but HCP has been 1 In memory of Professor Patan Deen Singh, who died at the age of 56, on 1999 October 9, in Paulo, Brazil. Sa8 o observed neither in interstellar sources, nor yet in IRC]10216 (Hollis et al. 1981 ; Turner et al. 1990) . In this context, the depletion into grains of P (HCP) is suggested, as was the case also for Si compounds. Depletion of P and Si elements are also found in molecular clouds (e.g., Mart• nBachiller, & Fuente 1992 ; Turner et al. 1990 ). The Pintado, Si element exhibits signiÐcant depletion in the di †use interstellar medium, in contrast with P, which appears to be little depleted at low densities (Savage & Sembach 1996) , but it is unclear what fraction of P and Si remains in the gas phase within more dense regions.
To date, eight silicon-containing molecules (SiC, SiC 2 , SiN, SiO, SiS, and have been detected in SiC 4 , SiH 2 , SiH 4 ) the circumstellar envelope around IRC]10216 (e.g., Gensheimer, Likkel, & Snyder 1995 ; Turner 1992 and references therein). Observed abundances of SiO and SiS, detected in the inner part of the envelope, are much lower than those predicted by current models (Tsuji 1973 ; McCabe, Smith, & Clegg 1979 ; Lefont, Lucas, & Omont 1982 ; Cherchne † & Barker 1992) . The relatively low abundances of these molecules have been interpreted as the result of incorporation of silicon into grains in warm, high-density gas close to the star. In addition, Glassgold, Lucas, & Omont (1986) , Herbst et al. (1989) , and Glassgold & Mamon (1992) have proposed that the SiC, and SiN abundances could be SiC 2 , SiC 4 , explained by ion-molecule reactions, in which Si and Sià re the progenitors of these species (e.g., Gensheimer, Likkel, & Snyder 1995 ; Turner 1992) . However, SiO and SiS are the only interstellar molecules observed. SiS has been detected in relatively warm molecular clouds (e.g., Ziurys 1988 ). On the other hand, SiO has been fairly extensively observed in peculiar circumstances, possibly associated with shocks chemistry or high-temperature chemistry (e.g., Downes et al. 1982 ; Ziurys, Friberg, & Irvine 1989) . There are models that predict the observed abundances in 675 high-temperature postshock conditions (e.g., Neufeld & Dalgarno 1989 ; Flower et al. 1996) , in fast neutral winds of young stars (Glassgold, Mamon, & Huggins 1991) , in dense molecular clouds (Herbst et al. 1989) , and in hot molecular cores (Mackay 1995) .
Further studies and detection of P and Si compounds could certainly yield useful information concerning the depletion of heavy elements in the interstellar/circumstellar gas and their recycling in astrophysical sources, and, in this particular, the formation of a diatomic molecule containing these two atomic species is a possibility worth exploring. Surprisingly, however, little is known about SiP.
The possibility of the existence of SiP was raised by Mulliken in his early work on SiN (Mulliken 1925) ; however, to the best of our knowledge, there are no experimentally reported studies on this radical, except for an estimate of its dissociation energy (Smoes, & Drowart 1972) . Depie`re, Theoretically, the Ðrst ab initio calculations on SiP were carried out by Bruna et al. (1983) . Using the multireference single and double excitations conÐguration interaction (MRD-CI) approach, they reported equilibrium geometries and values for the two lowest lying states of SiP. Later, T e Bruna, Dohmann, & Peyerimho † (1984) extended the previous study to cover the three lowest lying states of this radical, in which potential energy curves, equilibrium geometries, values, and dipole moments at the equi-T e librium bond lengths are presented. They also reported excitation energies and equilibrium geometries for the lowest excited quartet states of SiP.
Recently, McLean, Liu, & Chandler (1992) calculated equilibrium distances, zero-point energies, and the Ðrst vibrational energy separation for the X 2% and A 2&s tates, as well as the excitation energy for A 2&`and the dissociation energy at the singles and doubles conÐguration interaction level of theory, including DavidsonÏs correction (CISD]Q) for higher excitations. Finally, the most recent ab initio studies on this radical were published by Boldyrev & Simons (1993) and Boldyrev, Gonzales, & Simons (1994) . In the Ðrst work, equilibrium geometries and harmonic vibrational frequencies calculated at the self-consistent Ðeld (SCF), frozen-core second-order perturMÔller-Plesset bation theory (MP2), and quadratic conÐguration interaction, including singles and doubles with approximate triples (QCISD[(T)), are reported for the ground state and the lowest excited states of SiP ; in the latter work, the above properties were reevaluated within the CASSCF(3, 2, 2, 0)/ MRCISD(Q) approach.
In this paper, as part of an ongoing investigation on silicon-containing diatomics, which has already characterized the species SiB (Ornellas & Iwata 1997) , AlSi (Ornellas & Iwata 1998) , and SiS (Ornellas & Adi 2000) at a very high level of correlation treatment and analyzed the formation of silicon-containing diatomics by radiative association (Andreazza, Singh, & Sanzovo 1995 ; Andreazza & Singh 1997 ; Singh et al. 1999 ), we present results of ab initio calculations on the X 2% and A 2&`states of SiP. Potential energy curves, vibrational frequencies, spectroscopic constants, dipole moment functions, oscillator strengths, and Franck-Condon factors for both states are reported, as well as the transition moment function and Einstein emission coefficients, between these electronic states, and radiative lifetimes. We hope that this information should prove valuable as an additional guide for future experimental investigations of the SiP radical in the laboratory, as well as helping in its search in space.
METHODS OF CALCULATION
In this work, our main concern is a high-level description of the potential energy curves of the ground (X 2%) and the Ðrst excited (A 2&`) electronic states of the SiP molecule, their dipole moments, and the transition dipole moment between them. To achieve this goal, a wave function based on the state-averaged complete active space self-consistent Ðeld (SA-CASSCF) methodology is Ðrst constructed, which basically accounts for the static correlation e †ects. Next, the incorporation of dynamical correlation is e †ected by the conÐguration interaction approach, which essentially corresponds to the inclusion in the wave function of all conÐgu-ration state functions (CSFs) generated as single and double excitations on top of a selected subset of CSFs of the zerothorder space. The state-averaging process involved Ðrst a CASSCF calculation in which nine electrons were distributed in 11 active orbitals, denoted as (5, 3, 3, 0) in the C 2v point group symmetry. This space corresponds to the valence 3s and 3p orbitals of both Si and P, plus one additional correlating orbital for each of the and A 1 , B 1 , B 2 symmetries. Core and inner-shell orbitals were kept doubly occupied in all calculations. This procedure allows for the construction of a common set of molecular orbitals, to be used in the transition moment calculation, by the optimization of an average energy that included the two lowest states of symmetry and one state of each of the and A 1 B 1 symmetries, with equal weights. The Ðnal zeroth-order B 2 space is then generated by the inclusion of only those CSFs with coefficients greater 0.025 in absolute magnitude, a threshold that was proved very reliable by Taylor (1991) and by Partridge, Langho †, & Bauschlicher (1995) . The CASSCF calculation generated sets of dimensions 19, 234 and 19,070 which after the selection step reduced (A 1 ) ( B 1 ), to about 80 and 40 CSFs for the and symmetries, A 1 B 1 respectively. The use of the internally contracted multireference conÐguration interaction approach , as implemented in the MOLPRO-982 suite of programs, reduced the dimension of the CSF space from about 7 and 5 million (A 1 ) ( B 1 ) terms to about 700,000 and 500,000 contracted terms, respectively. Natural orbitals from a state-averaged density matrix were used in the expansion of the n-particle space, and the atomic bases employed in the expansion of the molecular orbitals are the correlation consistent valencepolarized quadruple-zeta sets (cc-pVQZ) developed by Woon & Dunning (1993) and symbolized as [6s, 5p, 3d, 2f, 1g] , which generated a set of 118 contracted functions. For the calculation of the spin-orbit constants, the g-type functions were excluded from the above set and the remaining functions were used in an uncontracted form, as required by the present version of the computational code. Vibrational energies and wave functions and radiative transition probabilities were computed with the INTENSITY program (Zemke & Stwalley 1981 ) based on the Numerov-Cooley numerical solution of the equation. The stanSchro dinger 2 MOLPRO-98 is a package of ab initio programs written by Werner, H.-J., and Knowles, P. J., with contributions from J., Amos, R. D., Almlo f, Berning, A., Cooper, D. L., Deegan, M. J. O., Dobbyn, A. J., Eckert, F., Elbert, S. T., Hampel, C., Lindh, A., Lloyd, A. W., Meyer, W., Nicklass, A., Peterson, K., Pitzer, R., Stone, A. J., Taylor, P. R., Mura, M. E., Pulay, P., M., Stoll, H., and Thorsteinsson, T. Schu tz, dard Ðtting procedures used to compute the spectroscopic constants and the convention used to evaluate the radiative transition probabilities are discussed elsewhere (Herzberg 1950 ; Ornellas 1985 ; Machado & Ornellas 1991 ; Borin & Ornellas 1993 ) and will not be repeated here.
RESULTS AND DISCUSSION
The potential energy curves for the X 2% ground and A 2&`Ðrst excited states of SiP have been calculated in the 3.10È12.00 range of internuclear distances and are given a 0 in Table 1 and illustrated in Figure 1 . An enlarged view of these curves showing the relative positions of the lowest lying vibrational levels is shown in Figure 2 . Both curves display a well-deÐned minimum and exhibit a smooth shape. The X 2% ground state correlates with the Ðrst dissociation limit Si(3P) ] P(4S) and has a calculated dissociation energy of 3.64 eV. Experimentally, an estimate (D e ) of equal to 3.73 eV obtained by mass spectrometry has D 0 been found in the literature (Smoes et al. 1972) , which turns out to be quite concordant with our theoretical result of 3.60 eV.
Around the equilibrium distance, the dominant contributions for the X 2% and A 2&`states can be represented by the electronic conÐgurations . . . 7p28p23n39p2, and . . . 7p28p23n49p1, respectively. Equilibrium internuclear distances, 2.089 (X) and 2.002 (A), are in very good A A agreement with the results of Boldyrev & Simons (1993) (2.087 and 2.007 for the X and A states, respectively) at A the QCISD(T) level of theory and of Boldyrev et al. (1994) (2.092
[X] and 2.012
[A]) at the CASSCF(3, 2, 2, A A 0)/MRCISD(Q) level of theory. The equilibrium bond lengths obtained with other methods di †er sensibly from our results since they have employed lower levels of theory (see Table 3 , below). For the sake of completeness, the total The A 2&`electronic state also dissociates into the electronic ground states of the atoms Si(3P) ] P(4S) and is deeply nested in the X 2% ground state. The former is lying 470 cm~1 higher than the latter. Of the theoretical (T e ) results reported in the literature, the investigation of McLean et al. (1992) , at the SDQ and SDCI levels of theory, predicted values of of 1659 cm~1 (SDQ) and 2473 cm~1 T e (SDCI), which are considerably higher than the result of the present investigation. These overestimated results are a reÑection of the poor performance of the single-reference conÐguration interaction (CI) approach used in that work. On the other hand, the results of Bruna et al. (1984) by means of the MRD-CI method varies from 403 cm~1, with a canonical basis set, to 585 cm~1, with a natural orbital basis. If extrapolation to the full CI limit is carried out using natural orbitals, values of 484 and 645 cm~1 are obtained T e with basis sets with 62 and 72 contracted functions, respectively. From todayÏs standpoint, despite its multireference zeroth-order function, these calculations still lack both saturation in the one-particle basis and an improved description of the n-particle space. As to the results of Boldyrev & Simons (1993) , they failed to get a deÐnitive answer to the ordering of these two states ; their best projected MP4 calculation yielded the 2% state higher than the 2&`by 1154 cm~1, whereas with the QCISD(T) approach, the 2% state was found to be 315 cm~1 lower in energy than the 2&`. However, in a more recent investigation at the CASSCF(3, 2, 2, 0)/MRSDCI(Q) level (Boldyrev et al. 1994) , the 2&`state was predicted to be 770 cm~1 higher than the 2%.
Since the determination of spectroscopic constants is dependent on the number of points used in the Ðtting procedure (Richards, Raftery, & Hinkley 1973) , we have collected in Table 2 values of the Ðrst 10 vibrational spacings as well as the rotational constants computed as the B v , average value Sv o 16.8576/kR2 o vT over the vibrational levels o vT for both X and A states. Vibrational and rotational constants were obtained from least-squares Ðts to standard expressions (Herzberg 1950 ; Machado & Ornellas 1991) , employing the data in Table 2 . These constants are summarized in Table 3 , together with equilibrium distances dissociation energies electronic term and (r e ), (D e ), (T e ), previous theoretical and experimental values. They are expected to represent the best set of constants reported so far for these two states of SiP. To the best of our knowledge, no experimental results were found in the literature.
The variation of the transition moment with internuclear distance is also displayed in Table 1 and illustrated in Figure 3 . This function approaches zero at large internuclear distances since both electronic states dissociate into the electronic ground states of the atoms. The transition moment varies rather smoothly with respect to the inter- nuclear distance, that is, decreasing by only 0.094 a.u. between 3.5 and 4.4
The slow variation of this function a 0 . with geometry allows us to apply the Franck-Condon principle and check its validity for this case (Herzberg 1950) .
Franck-Condon factors, given by the overlap integral of the two vibrational wave functions belonging to the two di †erent electronic states, are an approximate way of determining the relative intensities of the various bands. Table 4 displays these results for the A 2&`ÈX 2% bands. Consistent with the shift of about 0.16 between the two minima of a 0 the potential energy curves, larger values of the FranckCondon factors also appear nondiagonally. For transitions from the two lowest levels (v@ \ 0È1) of the A 2&`state to the ground state levels v@@, the Franck-Condon factors are seen to be relatively large, 0.35 and 0.40, respectively. In addition, large elements were also found for the (v@ \ 3, v@@ \ 1), (v@ \ 4, v@@ \ 2), (v@ \ 7, v@@ \ 4), (v@ \ 6, v@@ \ 3), and (v@ \ 8, v@@ \ 5) bands. The computed Einstein spontaneous emission coefficients (s~1) between various vibrational levels v@ of the upper A v { v {{ electronic state and v@@ of the lower electronic state and the corresponding oscillator strengths without the inclu-( f v { v {{ ), sion of spin-orbit perturbational e †ects, which we discuss later in this section, are given in Table 5 . It is evident from this table that the infrared bands of the A-X system of SiP species are expected to be relatively weak ( f v { v {{^1 0~5). Values of radiative lifetimes are displayed in Table 6 .
, ly as v@ increases from v@ \ 0 to v@ \ 1, as expressed by the ratio It can also be rewritten as Table 5 , the ratio can be reproduced by the product of q 1 /q 0 the quotient and the ratio of terms A 0,0 /A 1,0 \ 0.074 written in brackets (\1), so that the decrease of the radiative lifetime with increasing v@ can be seen as essentially governed by the ratio Applying the
)3 where is the energy di †erence and is The latter parameter accounts for the 92% difq 1 /q 0 . ference between the and lifetimes. For higher v@, this q 1 q 0 approximation turns out to be less reliable, and the proper ratio between the Einstein coefficients as given in Table 5 should be used as a measure of the relative intensities.
The computed Einstein spontaneous emission coefficients between various vibrational levels of the electronic ground state and the corresponding radiative lifetimes are contained in Table 7 . The decrease of the lifetimes with an increase in v occurs more smoothly for the X 2% state than (Larsson 1983) , so the decay of higher levels of the A 2&s tate into energetically lower lying vibrational levels of the X 2% state are much more probable, in spite of the fact that the Ðrst vibrational level of the X 2% state lies just 111 cm~1 above the zeroth level of the A 2&`state.
The calculated dipole moments as a function of the internuclear distance for the A 2% and X 2&`states are also listed in Table 1 and illustrated in Figure 3 . As a general trend, the dipole moment for both states tends to zero at large internuclear distances, as is expected for neutral species. However, before reaching this limit, a signiÐcant change in the character of the dominant conÐguration state functions occurs, giving rise to the maximum and minima observed in Figure 3 . The present study shows a charge polarity Si`P~in the ground state, except for distances smaller than 3.20
The A 2% state also possesses a Si`Pã 0 . polarity, but for distances beyond 5.9 the polarity a 0 changes to Si~P`. Values of 1.12 D (Si`P~) and 0.89 D (Si`P~) calculated at the equilibrium bond lengths for the 2&`and 2% states, respectively, by Bruna et al. (1984) , are about 20% overestimated relative to the results of this work. Between 3.0 and 5.0 the dipole moment function a 0 , for the ground state shows an almost linear behavior with a relatively steep slope compared with the corresponding function for the A 2% state.
The intensity of rotational excitations is proportional to the square of the electric dipole moment. In the Ðrst excited state of SiP, the equilibrium dipole moment ([1.31 D) is calculated to be larger than that of the ground state ([0.82 D) . For the A 2&`state we predict that the line intensities are almost a factor of 3 larger. Based on these dipole moment values, both microwave and infrared spectra of the A 2&`and X 2% states should be of a moderate intensity. However, in the SiP ground state Franck-Condon region, the fundamental transitions should be quite strong as expected from the dipole moment function, which varies rather rapidly with the internuclear distance. In addition, the X 2% state of SiP has an equilibrium dipole moment very similar in magnitude to that of the CP ground state ([0.86 D) calculated by RohlÐng & (1988) , so that Almlo f the astrophysical identiÐcation of this species via microwave spectroscopy may be possible. For the sake of completeness, we have also collected in Table 2 vibrationally averaged dipole moments for these two electronic states.
The results presented so far have been obtained within the Born-Oppenheimer approximation, but it would be elucidative also to take into account the e †ect of nonÈBorn-Oppenheimer couplings on the energy and rates of transition, since is of the same order of magnitude as the T e vibrational spacings. Since in the context of this work spinorbit couplings are expected to have a larger e †ect, we have displayed in Figure 4 the dependence of both diagonal and nondiagonal spin-orbit matrix elements on the internuclear distance and collected in Table 4 vibrationally averaged values of the spin-orbit coupling constant As in the (A v ). limit of large internuclear distances the diagonal matrix element is equal to one-third the coupling constant of atomic silicon (Palmieri et al. 1998) , and in the absence of any experimental result for comparison, it is comforting to verify that our Ðrst-order correction of 62.78 cm~1 for this limit is in good agreement with the experimental value of 77.15 cm~1 for Si (Moore 1971) . As shown in Table 4 , the spin-orbit coupling constant turns out to be negative, implying an inverted state with a positive shift in the 2% i energy of the component. Since only the 2% state is ) \ 1 2 a †ected, this coupling results in a decrease of the excitation energy, thus decreasing the emission rate, which depends on the third power of the excitation energy, with a consequent increase in the radiative lifetime. The e †ect of this coupling is very signiÐcant for v@ \ 0 ms) but decreases as v@ (q 0 \ 138 increases with values of 7.4, 3.0, 1.7, 1.2, 0.86, 0.68, 0.56, and 0.48 ms for v@ \ 1È8, respectively. From the experimental side, the long radiative lifetime, the small and the large T e , di †erence in internuclear distance suggest that absorption   FIG. 4 .ÈSpin-orbit matrix elements of SiP as a function of the internuclear separation. studies would likely be more appropriate to characterize these two low-lying states. In fact, the anion isoelecSi 2 , tronic to SiP and with very similar potential energy curves, has been the subject of absorption studies (Liu & Davies 1996) and treated theoretically by Palmieri et al. (1998) , but, to the best of our knowledge, no radiative lifetimes have been reported. For AlB, a system for which the A 2%ÈX 2&s eparation has been calculated to be 523 cm~1, at a similar level of theory, (within the Born-Oppenheimer q 0 approximation) has been estimated to be 210 ms (Bauschlicher & Langho † 1994) , a result comparable with our uncorrected value of 80 ms.
COMPARISON WITH THE ISOVALENT MOLECULES CN, CP, AND SiN
In the absence of experimental data for SiP, it is of interest to compare the spectroscopic properties of this molecule with the isovalent CP, CN, and SiN species. These molecules contain nine valence electrons, but SiP has a 2% ground electronic state instead of the expected 2&`state, which is the ground state of CN, SiN, and CP. According to Bruna et al. (1984) , the di †erence in ground-state conÐgu-ration between Ðrst-and second-row diatomics is due to the relative stabilities of their n and p orbitals and their respective electron occupation. Thus, for CN, SiN, and CP, the n orbital is preferred and Ðlls Ðrst, resulting in a . . .pn4 conÐguration. For higher row diatomics, the energetic order of the orbitals is reversed, the conÐguration with the p orbital doubly occupied, . . .p2n3, turns out to be more stable.
Experimentally, spectroscopic data are available for the X 2&`and A 2% states of the isovalent CN, CP, and SiN molecules (e.g., Huber & Herzberg 1979 ; Yamada et al. 1988 ; Ram, Tam, & Bernath 1992 Table 6 , we also compare radiative lifetimes for the CP, CN, and SiN molecules (Gu, Buenker, & Hirsch, 1994 ; Taherian & Slanger 1984 ; Borin & Ornellas 1997) with that of SiP obtained in the present work. We note that only for CN are the data determined experimentally and the calculated values for this species were found to be about 30% longer than those measured experimentally (e.g., Lu, Huang, & Halpern 1992) . The radiative lifetimes for di †er-ent vibrational levels of the Ðrst excited state of the SiP exhibited the same trend as those for the other molecules, decreasing with increasing vibrational levels, but does so much more rapidly. Clearly, vibrationally excited SiP molecules are predicted to live longer than the other isovalent species, a reÑection of the much smaller excitation energy of SiP (494 cm~1 for SiP vs. 2057 cm~1 for SiN, for l 0,0 example).
CONCLUSION
This work reports, for the Ðrst time, transition probabilities, Franck-Condon factors, oscillator strengths, and transition moments for the A 2&`ÈX 2% system, as well as electric dipole moment functions and radiative lifetimes for the ground X 2% and excited A 2&`states of SiP. The calculated radiative lifetimes for the A state lie between 138 ms at v@ \ 0 and 0.48 ms at v@ \ 8, with the spin-orbit correction, and for the X state, between 2.32 s at v@@ \ 1 and 0.48 s at v@@ \ 5. It is found that the A 2&`ÈX 2% system has a very weak infrared spectrum, while the microwave and infrared spectra of each separate state should be of a moderate intensity. It is hoped that the present work will stimulate future experimental investigations on the SiP species. 
